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Hydrophobic solutes significantly alters water hydrogen bond network. The local alteration of solvation struc-
tures get reflected in the vibrational spectroscopic signal. Although it is possible to detect this microscopic
features by modern infrared spectroscopy, however, bulk phase spectra often comes with formidable challenge
of establishing the connection among the experimental spectra to molecular structures. Theoretical spec-
troscopy can serve as more powerful tool even where spectroscopic data cannot provide microscopic picture.
In the present work, we build a theoretical spectroscopic map based on mixed quantum-classical molecular
simulation approach using methane in water system. The single oscillator level O-H stretch frequency is well
correlated with a collective variable solvation energy. We construct the spectroscopic maps for fundamental
transition frequencies and also the transition dipoles. A bimodal frequency distribution with a blue shifted
population of transition frequency illustrates presence of gas like water molecules in the hydration shell of
methane. This observation is further complemented by a shell-wise decomposition of the O-H stretch fre-
quencies. We observe a significant increase in ordering of the first solvation water except the water molecules,
which are directly facing the methane molecule. This is manifested in redshift of the observed transition fre-
quencies. Temperature dependent simulations depict that the water molecules facing to the methane molecule
behave similar to the high temperature water and the rest of the first shell water molecules behave more like
cold water.
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I. INTRODUCTION
The incessant evolution of hydrogen bond network
makes water as one of the most interesting liquid.1,2 In
spite of its smaller size, water molecules are capable of
behaving hydrogen bond donor and acceptor simultane-
ously. As a result a gigantic hydrogen bond network is
abundant in bulk water. The ultrafast evolution of this
massive hydrogen bond network leads to many unique
features of water.3–5 The presence of external solutes per-
turbs the length scale and the time scale of evolution of
the hydrogen bond network that makes the systems even
more fascinating.6–10
The hydrophobic effect is the manifestation of the in-
teraction of non-polar moieties with water. The hy-
drophobic effect is typically inferred at two levels. First,
the interaction between a non-polar molecule and the sur-
rounding water molecules is called hydrophobic hydration.
Second is known as hydrophobic interaction or pair hy-
drophobicity which describes the interaction between two
non-polar molecules in water as a function of their sep-
aration distance. The hydrophobic effect shows pivotal
role in biological processes such as protein folding, for-
mation of cell membrane, formation of vesicles and lipid
bilayer, assembly of proteins into functional complexes,
and many more.11–17 The significant role in Biology and
Chemistry makes the study of hydrophobic effect a sub-
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ject of major interest till date. In spite of several ear-
lier conclusive experimental and theoretical studies, the
microscopic origin and the length scale of hydrophobic
interaction are still not understood completely and yet
remain an active area of research.
The presence of many body interactions could give
rise to different structural arrangement surrounding
the hydrophobes.9,10,15,18–20 It is considered that the
presence of hydrophobic solutes modifies the shape of
the solvation shell into tiny icebergs.21,22 This type of
solvent arrangement significantly alters the hydrogen
bond strength in the close vicinity of the hydrophobic
moieties.8–10,23–26 It has also been argued that for suffi-
ciently weak solute-water attraction, a large smooth hy-
drophobic surface might be enclosed by a microscopically
thin film of water vapor.27 The recent finding also shows
that the hydrophobic solutes reinforce the water hydro-
gen bonds of solvation shell water molecules.10,23 As the
vibrational frequencies of water are highly sensitive to
the local microscopic solvation configuration, infrared
(IR) spectroscopy is a tempting method for exploration
of these systems.28,29 IR spectroscopy of O-H stretching
mode is usually employed as the most trustworthy and
sensitive method for estimating relative strengths of hy-
drogen bonds.25,28,30–37
In spite of its extensive use, meaningful interpretation
of IR spectroscopic data face the formidable challenge
of establishing the connection among the experimental
spectra to molecular structures in the bulk phase. Ex-
perimental spectra represent a superposition of different
transient solvation structures, hence illustrate the macro-
scopic response. Besides, the existence of strong anhar-
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2monic couplings leads to further delocalization through
different vibrational modes mixing. On the contrary,
the microscopic resolution of computer simulation aided
spectroscopy modeling empowers us to investigate these
systems at the molecular level.33,36–42 Therefore, the the-
oretical spectroscopy offers a window to decipher the ex-
perimental data in rather quantitative fashion.
In spite of several earlier computational studies, the
structure spectrum correlation of aqueous hydrophobic
system needs further quantification using appropriate
spectroscopic modeling. As in bulk water, vibrational
modes of O-H oscillators are significantly coupled and
give rise to very broad response, which makes it challeng-
ing to differentiate contribution from diverse transient
configurations. To reduce the complexity of the prob-
lem, isotope dilution strategies are often used.33,37,39,42
The isotope dilute system eventually allows us to study
the system in lower dimensionality by isolating a local
oscillator. Thus, a small percentage of H2O in a fully
deuterated solution can provide isolated O-H oscillators,
which can function as a local probe to different solvation
structures.
In a number of earlier works, mixed quantum-classical
(MQC) models have been extensively utilized to explain
the O-H stretching vibrations in various isotope dilute
aqueous systems.33,37–40,42 Usually, these models identify
a collective coordinate from classical molecular dynamics
(MD) trajectories to depict the influence of the solvent on
the quantum mechanical spectroscopic coordinate. The
electronic structure calculation coupled with MD simu-
lation is the fundamental basis of the MQC approach.
The MQC models are widely used to construct the re-
quired spectroscopic maps, which can essentially be used
to generate the trajectories of time-dependent transition
frequencies and dipole moments.
In this work, we investigate the effect of hydrophobic-
ity in water structure by employing computer simulation
aided spectroscopy modeling which employs the micro-
scopic environmental sensitivity of vibrational frequen-
cies. The rest of this article is structured as follows: In
section II, we will elaborate the spectroscopic modeling
and simulation details, data analysis and major findings
are discussed in section III and conclusions are given in
section IV.
II. METHODS
A. Classical molecular dynamics
We perform molecular dynamics simulation using
GROMACS version 2019.1.43 The system consists of a
cubic box of 255 SPC/E44 water molecules and 1 OPLS-
AA methane molecule.45 For bulk water, we take 256
water molecules. Periodic boundary conditions are ap-
plied in all three directions.46 We perform energy min-
imization of the systems using steepest decent method.
Thereafter, the systems are equilibrated in NPT ensem-
ble for 1ns. Finally, the data acquisitions are done in
NVT ensemble over 5 ns long trajectory. We use Berend-
sen thermostat47 with a relaxation time of 0.1 ps and
Parinello-Rahman barostat48,49 with a relaxation time
of 1.0 ps for maintaining constant temperature at 300 K
and pressure at 1 bar, respectively. We use a 9 A˚ cutoff
radius for neighbor searching and non-bonded interac-
tions and all the bonds are kept fixed using LINCS.50
The long-ranged electrostatic interactions are calculated
using Particle Mesh Ewald (PME) with FFT grid spacing
of 1.6 A˚.51
B. Mixed quantum mechanical calculation
We use mixed quantum classical approach to build
the single oscillator O-H stretch spectroscopic model-
ing of methane in water. This technique is based on
semi-empirical cluster-based mapping method, which has
been widely used in simulating the O-H vibrational spec-
troscopy of isotope diluted aqueous systems.37–40 We
utilize electronic structure calculations on instantaneous
small frozen clusters extracted from the classical MD tra-
jectory to construct the spectroscopic map. In this, we
correlate the quantum mechanical O-H transition fre-
quency and transition dipole moment onto a collective
coordinate which can easily be calculated from the clas-
sical trajectory. Subsequently, by using this classical ana-
logue of the collective variable, we generate the transition
frequency and transition dipole trajectories, which can
further be utilized to calculate linear and nonlinear IR
spectra from respective time-domain response functions.
From the classical trajectory, we extract small clusters
by identifying a central H atom that belongs to the wa-
ter molecule closest to the methane molecule and include
any molecules having its oxygen within a 7.0 A˚ radius.
We use such 165 methane-water clusters. For bulk water
response, we choose 130 small clusters extracted in the
similar fashion from bulk water trajectory. These clus-
ters contain average of ∼ 44 water molecules, which is
adequate to approximately resemble the bulk like envi-
ronment around the central O-H bond, and slight fluctu-
ation in the number of water molecules in a cluster does
not affect our findings. Furthermore, these clusters are
chosen in such a way so that we can sample all relevant
configurations. A more detail description concerning the
cluster selection is provided in the supplementary infor-
mation.
We get the O-H stretch response for each selected clus-
ter, from the one-dimensional adiabatic potential energy
surface (PES). We construct the quantum mechanical
PES, by stretching the central O-H bond from rOH = 0.7
to 1.6 A˚ with a grid spacing of 0.08 A˚, while keeping the
remaining degrees of freedom frozen. For getting the sin-
gle point energy, we perform DFT calculations employing
B3LYP hybrid functional52–55 and 6-311++G(d,p) basis
set in Gaussian 16 package.56 The choice of B3LYP func-
tional is inspired by the earlier work of Skinner and co-
3workers, which demonstrated that potential energy ob-
tained using B3LYP functional along the O-H stretch co-
ordinate is in promising agreement with the coupled clus-
ter CCSD(T) prediction.57 Although the classical simu-
lations are executed with isotopically pure systems, we
consider that all hydrogens but the proton of the se-
lected O-H bond are deuterons. We obtain the eigen-
states, |n〉, and eigenvalues, En, of PES U(rOH) by solv-
ing the one dimensional Schrodinger equation using the
discrete variable representation (DVR)58,59 with a grid
spacing of 0.01 A˚ and reduced mass of the O-H vibration
of the HOD molecule (0.954426 amu).40 Then from the
energy eigenvalues, we obtain the transition frequencies
ωnm = (En−Em)/h¯ between different vibrational states.
We calculate the transition dipole moments in a man-
ner similar to Corcelli and Skinner.39 The transition
dipole matrix elements for the transition between vibra-
tional states n and m is expressed as:
~µnm = 〈n|~µ|m〉 (1)
After expanding the dipole operator about the minimum
of the O-H stretching potential (req to the first order term
in rOH, one can approximate ~µnm as
~µnm = 〈n|~µ0 + rOH
(
d~µ
drOH
)
rOH=req
|m〉 ≈ µ′rnmuˆ (2)
where rnm = 〈n|rOH|m〉 are the matrix elements ob-
tained from the eigenstates of the DVR calculation, ~µnm
can be divided into a magnitude µ and a direction uˆ,
which we consider as lying along the O-H bond axis and
µ′ is the dipole moment derivative. We acquire µ′ for
each chosen cluster by calculating ~µnm · uˆ at five rOH
displacements separated by 0.01 A˚ about req, and then
numerically differentiate with respect to rOH . Finally,
we construct correlation maps for ωnm and µnm against
a collective coordinate.
Although it was reported earlier that the projected
electric field on the O-H stretch could serve as a potential
collective variable, which can describe the spectroscopy
of isotope diluted aqueous system.33,39 However, we find
it is not the case for the water methane system (see sup-
plementary material). Therefore, we use an alternative
collective variable as used in the case of aqueous hydrox-
ide and aqueous proton systems.37,40 We use solvation
energy as the collective variable defined as the difference
in the potential energy at two reference points along rOH
.
∆EDFT = U(rf )− U(ri) (3)
As the potential energy is highly sensitive to the local
environment, of the solvation energy accurately captures
the alteration in the PES as a function of the hydrogen
bond strength. After rigorous tweaking, we find that the
ri = 1.0 A˚ and rf = 1.4 A˚ combination provides a better
correlation with the spectroscopic variables.
FIG. 1. (a) Correlation between fundamental O-H transition
frequency and solvation coordinate obtained from DFT cal-
culation using clusters taken from the classical MD. Black
color filled circles represents the bulk water data, whereas all
other colored filled symbols represent the data for methane-
water cluster. The cyan solid line represents the fourth order
polynomial fit. (b) Definition of the angle between methane
hydrogen, water hydrogen and water oxygen.
III. RESULTS AND DISCUSSION
A. Spectroscopy maps
We have mentioned earlier that hydrophobic solutes
alter the water hydrogen bond network and thus change
the local electronic environments of O-H oscillators. The
intense local environmental sensitivity makes vibrational
spectroscopy of O-H stretching mode (νOH) a most re-
liable and sensitive approach for investigating relative
strengths of H-bonds. The alteration of H-bond strength
will result in shifting of observed frequency for (νOH)
mode. Thus, enhancements of the H-bond strength will
eventually be reflected in frequency redshift of the (νOH)
mode when compared the spectra of bulk water with
those of the water molecules perturbed by hydrophobic
solute. Furthermore, structural order can also be inves-
tigated by examining the spectral line width. As more
structural ordering will have less variations in the local
structures and will eventually results into a narrower line
width.
The general observation is that the observed one-
dimensional O-H stretch potential energy surfaces be-
comes less anharmonic in presence of methane, which
results in O-H stretch frequency in the high frequency
range of the bulk-water response. The correlation of
the fundamental transition frequency and solvation en-
ergy obtained from the quantum mechanical calculation
is presented in Figure 1. The O-H stretch frequen-
cies are monotonic and highly correlated (with correla-
tion coefficient 0.9964) through a nonlinear relationship
with the collective solvation coordinate within the 1000
cm-1 range spanned by the different cluster configura-
tions. Although, we select all the instantaneous config-
urations without any bias, we have further investigated
the effect of orientation of the tagged O-H bond with
the methane molecule. Note that, this orientational de-
pendencies are investigated only for the O-H oscillators,
4which are directly facing to the methane molecule. This
was achieved by sampling the configurations having angle
6 OWHWHMe (as defined in Figure 1(b)) within a particu-
lar range. We find there exist minimal or almost no effect
of the orientation of the O-H oscillator with respect to
the methane moiety on the spectroscopy map. We use a
4th order polynomial fitting function to get the empirical
relations of the transition frequencies with solvation co-
ordinate (given in Table I). We furthermore explore the
spectroscopic maps for other transition frequencies and
these are shown in the supplementary material (Figure
S3).
Subsequently, we construct the empirical maps for
transition dipole moments. We follow the strategy as
explained earlier. It was shown earlier that empirical
relation can be established between the dipole moment
derivative µ′ and the electric field projected along rOH
in the HOD/D2O system or the solvation coordinate for
the aqueous hydronium and hydroxide systems. In the
present work, we find the best correlations between µ′
to ∆EDFT and µnm to ωnm. The correlation between
the fundamental transition dipole moment µ10 and the
fundamental transition frequency ω10 is shown in Fig-
ure 2. The fundamental transition dipole moments are
monotonic and highly correlated (with correlation coef-
ficient 0.9999) through a nonlinear relationship with the
fundamental transition frequency (Figure 2). We use a
4th order polynomial fitting function to get the empirical
relation between fundamental transition dipole moment
and fundamental transition frequency (fitting parameters
are shown in Table II).
Since the quantum mechanical calculation of the sol-
vation energy at each time step for a tagged O-H bond
is computationally expensive; this necessitates an appro-
priate quantity that will be adequate for estimating the
transition frequencies from the classical MD trajectory.
To overcome this, we construct a correlation map be-
tween the quantum mechanical solvation coordinate i.e.
∆EDFT and that calculated from the classical simulation
force field ∆EMD (Figure 3). The classical solvation co-
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FIG. 2. Correlation between fundamental O-H stretching fre-
quency (ω10) and transition dipole matrix elements. Cyan
line represents the fourth order polynomial fit.
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FIG. 3. Correlation between solvation energy obtained from
DFT calculation and MD calculations. Black color filled cir-
cles represents the bulk water data, whereas rests represent
the data for methane-water cluster. The cyan solid line rep-
resents the linear fit.
ordinate ∆EMD is also computed in similar fashion by us-
ing ∆EMD = UMD(rf )−UMD(ri). Although the classical
forcefield is not designed to compute the correct full PES
for O-H stretch, our calculation nevertheless depicts that
these two variables are linearly correlated with a correla-
tion coefficient of 0.83 (Figure 3). The fitting parameters
are represented in Table III.
B. Structure-spectrum correlations
To investigate the microscopic origin of different ob-
served frequencies, we explore the structure-spectrum re-
lationships. This was achieved by analyzing the static
frequency distributions for distinct local environments
sampled by a tagged O-H bond. We examine the ef-
fect of hydrophobicity on the transition frequency of O-
H stretch by investigating the water molecule nearest to
the methane moiety. Furthermore, we select the O-H
bond of that selected water, which is pointing towards the
methane. In Figure 4, we represent the static histogram
distribution of fundamental transition frequency for bulk
water and methane-water systems. The methane-water
response is further decomposed into three sub-ensembles:
1st solvation shell, 2nd solvation shell and 3rd solvation
shell. The criteria for solvation shell decompositions are
shown in supplementary information. It is evident from
the Figure 4 that the frequency distributions of closest
water that are facing towards methane moiety and 1st
solvation shell water are significantly different than that
of bulk water. The response of water molecules, which are
directly facing the methane moiety, shows a two-ensemble
blueshifted distribution (Figure 4(a)). Although the ob-
served blueshift is apparent from the fact that the water
molecules that are directly facing the methane moiety are
lacking in number of hydrogen bonds; the two-ensemble
picture needs further exploration. In case of 1st solva-
tion shell water, the distribution is redshifted with re-
spect to the bulk water distribution. We indeed find
5TABLE I. Empirical relation between the transition frequency and the solvation energy obtained by fitting the quantum
mechanical data as shown in Figure 1. The fitting function is ω10 = a0 + a1∆EDFT + a2∆E
2
DFT + a3∆E
3
DFT + a4∆E
4
DFT. The
parameters for other transition frequencies are given in supplementary information (Table S2).
a0 a1 a2 a3 a4 Correlation Coefficient
1090.37 0.2636 4.7833× 10−7 −9.0792× 10−10 3.0082× 10−14 0.9964
TABLE II. Empirical relationships of the fundamental O-H stretching frequency with transition dipole matrix element using
µnm = a0 + a1ωnm + a2ω
2
nm + a3ω
3
nm + a4ω
4
nm.
a0 a1 a2 a3 a4 Correlation Coefficient
21.2154 -0.0258 1.1895× 10−5 −2.4285× 10−9 1.8459× 10−13 0.9999
TABLE III. Linear empirical relation between solvation en-
ergy obtained from DFT calculation and MD calculations.
We use ∆EMD = a0 + a1∆EDFT fitting function and the pa-
rameters and correlation coefficient are shown below.
a0 a1 Correlation Coefficient
11044.4 0.1326 0.83
that the distribution maximum shifted from bulk water
response i.e. ∼ 3460cm−1 to ∼ 3445cm−1 in case of 1st
shell water (Figure 4(c)). This observation is similar to
the earlier findings that the water in the first solvation
shell of methane has enhanced structural ordering.8,10,23
However, the water in the 2nd and 3rd solvation shell of
methane almost behave like bulk water (Figure 4(a) and
5(b)).
To understand the observed blueshift in the O-H
stretch frequency of the water molecule nearest to the
methane moiety, we perform bulk water simulation at
T=373 K. In Figure 5(a) we represent the O-H frequency
distributions of bulk water, water molecule closest to
methane and water at 373 K. We indeed observe that
the frequency distribution in the case of nearest water
molecule is much more similar to that of water at T=373
K (Figure 5(a)). This suggests that the nearest wa-
ter molecule behaves like low-density water, in fact it
is almost similar to the dangling water in case of air-
water interface.60 This observation supports the sugges-
tion made by Stillinger as well.27 It is clear that the O-H
bond pointing towards methane moiety is experiencing
extremely low hydrogen bond environment which is orig-
inating because of the alteration of hydrogen bond net-
work by the hydrophobic methane moiety. The presence
of methane moiety makes the neighboring environment
similar to that of surface water.27
However, this does not explain the two-ensemble na-
ture of the distribution. To inspect that, we corre-
late the observed frequency with the 6 OWHWHMe (Fig-
ure 5(b)). We find that the high frequency ensemble
with larger population is coming from the configurations
in which 6 OWHWHMe > 120◦ and the low frequency
ensemble is originating from the configurations having
6 OWHWHMe < 120◦ (Figure 5(b)). Thus, the blueshift
TABLE IV. Average hydrogen bond numbers per water
molecule in bulk water, 1st shell, 2nd shell and 3rd shell water
of methane molecule.
Contributing water ensemble Average nHB
Bulk water 3.55
1st shell 3.51
2nd shell 3.54
3rd shell 3.54
is increasing when the configurations are having more
linear arrangement of the O-H bond of the nearest water
molecule with the methane CH bond. With increase in
linearity, the propensity of interacting the O-H bond with
the neighboring polar water molecules reduces, which re-
sults in higher blueshift in the observed transition fre-
quency.
We have already discussed that the 1st solvation shell
water molecules (except the water molecules which di-
rectly faces the methane moiety) of methane show red-
shifted O-H stretch frequency distribution (Figure 4).
To explore the observed redshift in the O-H stretch fre-
quency of the 1st shell water, we perform bulk water sim-
ulation at T=290 K, 280 K and 270 K. In Figure 6, we
represent the O-H stretch frequency distribution in case
of first shell water, bulk water at T=300 K, 290 K, 280
K and 270 K. It is evident from the figure that the first
shell water behaves like more structured low temperature
water.
In order to understand the above trends in the ob-
served O-H stretch frequency, we further investigate the
hydrogen bond distribution using standard geometrical
criteria.61 A water molecules is considered to form hydro-
gen bond with another water molecule if the inter-oxygen
distance is less than 3.5 A˚, the hydrogen acceptor dis-
tance is less than 2.6 A˚, and Hd-Od-Oa angle is less than
30◦, where the subscript “d” and “a” symbolize donor
and acceptor respectively. The average hydrogen bond
numbers in the different solvation shell water molecules
are presented in Table IV. We show the distribution of hy-
drogen bond number (nHB) in each solvation shell along
with the bulk water in Figure 7. It is evident from the
figure is that the water molecules in the first solvation
6FIG. 4. (a) Comparison of stretching frequency of bulk water (black), closest water to methane (cyan), first solvation shell
(red), second solvation shell (magenta) and third solvation shell (green). (b) Comparison of stretching frequency of bulk water,
second and third solvation shell water of methane-water system. (c) Comparison of stretching frequency of bulk water and first
solvation shell water of methane-water system.
shell are having a much wider distribution spanning from
(nHB) ∼ 3.0 to (nHB) ∼ 4.0. Although the average hy-
drogen bond number does not correlate with the observed
frequency data, however the distribution makes a clear
revelation of the microscopic picture. Thus, more struc-
tured water molecules are indeed present in the first sol-
vation shell which eventually is reflected in the redshift
of the observed O-H frequency. The extended low (nHB)
tail in the distribution of first shell water also supports
the blueshift of the transition frequency in case of some
of the first shell water molecules. On further inspection,
we find that the later water ensemble mainly consist the
water molecules, which are directly facing the methane
moiety. In case of second and third shell water molecules,
the hydrogen bond distributions are much narrower than
that of the first shell water. These distributions are in
fact slightly different than that of the bulk water. The
observed frequency distributions in these two solvation
shells also reflect that water in these two solvation shells
behave almost similar like bulk water.
IV. CONCLUSIONS
In this work, we develop a semiempirical quantum-
classical spectroscopy map to investigate the effects of
hydrophobic solute in the water solvation structure. We
find a strong correlation with the single oscillator level
O-H stretch frequency with a collective variable solva-
tion energy. Our model predicts that the water hydrogen
bond network gets significantly modified in presence of
small hydrophobic molecule such as methane. A bimodal
frequency distribution with a blue shifted population of
transition frequency illustrates presence of more like low-
density water molecules and dangling water molecules
in the hydration shell of methane. We also find that
there exist a strong correlation between the transition
frequency of nearest water O-H bond pointing towards
7FIG. 5. a) Comparison of stretching frequency (ω10) bulk
water (black), closest water to methane (cyan) and water at
373 K (red). b) Stretching frequency (ω10) of closest water to
methane bimodal distribution divided based on angle.
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FIG. 6. Comparison of frequency distributions of first solva-
tion shell water and bulk water at T=300K, 290K, 280K and
270K.
methane moiety and the orientation of that O-H bond
with that of C-H bond of methane. Temperature de-
pendent simulation depicts that the water molecules fac-
ing to the methane molecule behave similar to the high
temperature water. The solvation shell-wise decompo-
sition of the O-H stretch frequencies further established
that there exists a significant increase in ordering of the
first solvation water except the water molecules, which
are directly facing the methane molecule. This is mani-
fested in redshift of the observed transition frequencies.
2.5 3 3.5 4 4.5
nHB
P(
n
H
B
)
1st Shell
2nd Shell
3rd Shell
Bulk
FIG. 7. Comparison of hydrogen bond (nHB) distribution in
bulk water and different solvation shells of methane. All sym-
bols represent the data and solid line represents the respective
Gaussian fit.
Temperature dependent simulation also depicts that the
water molecules in the first solvation shell except the wa-
ter molecules, which are facing to the methane molecule
behave more like cold water.
V. SUPPLEMENTARY MATERIAL
See supplementary information in Appendix A for
complete information regarding cluster selection, correla-
tion between electric field and transition frequency, spec-
troscopic maps and empirical relationships for other vi-
brational transitions and construction of different solva-
tion shells of methane hydration.
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9Appendix A: Supporting Infromation
Here we represent detail descriptions regarding cluster
selection, correlation between electric field and transi-
tion frequency, spectroscopic maps and empirical rela-
tionships for other vibrational transitions and construc-
tion of different solvation shells of methane hydration.
1. Cluster Selection
We extract small clusters by identifying a central H
atom that belongs to the water molecule closest to the
methane molecule and include any molecules having its
oxygen within a 7.0 A˚ radius. In these clusters, average
of ∼ 44 water molecules are there within that cut-off dis-
tance, this number of water molecules are sufficient to
produce bulk like environment surrounding the central
water molecules. We follow similar approach for select-
ing the bulk water clusters. In methane water system
we have found the minimum distance between methane
carbon and water oxygen is 2.72 A˚ and maximum dis-
tance is 17.17 A˚. We choose methane water clusters such
that the selected clusters span over methane-water dis-
tance range of 2.85 A˚ - 3.85 A˚. Furthermore, to investi-
gate the role of orientation of water with respect to the
methane C-H bond, we track the angle formed by HMe,
HW and OW, where HMe signifies methane hydrogen, HW
and OW are hydrogen and oxygen of water molecule clos-
est to the methane moiety. Eventually, we segment the
methane-water clusters into three ensembles based on the
6 OWHWHMe angle values 150◦-160◦, 160◦-170◦and 170◦-
180◦.
FIG. S1. (a) Representative snapshots of methane-water
cluster as defined in the text. (b) Definition of the angle be-
tween methane hydrogen, water hydrogen and water oxygen.
TABLE S1. Linear empirical relation between electric field
and fundamental stretching frequency. We use fitting function
ω10 = a0+a1E and the parameters and correlation coefficient
are shown below.
System a0 a1 Correlation Coefficient
Bulk water 3775.89 -8494.7 0.8409
Methane water 3711.1 -343.27 0.1274
FIG. S2. Correlation between electric field (E) projected
along O-H bond and fundamental stretching frequency of bulk
water (a) and methane water system (b).
2. Correlation between Electric Field and Transition
Frequency
The electric field of the system projected along O-H
bond calculated by following expression for all systems.39
FIG. S3. Correlation of different transition frequencies
with the solvation coordinate obtained from DFT calculation
(∆EDFT). Solid black line represents the quadratic fit and
the fitting parameters are provided in Table S2
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TABLE S2. Empirical relations between the transition frequencies and the solvation energy obtained by fitting the quantum
mechanical data as shown in Figure S3. We use the following fitting function: ωij = a0 + a1∆EDFT + a2∆E
2
DFT + a3∆E
3
DFT +
a4∆E
4
DFT
ωij a0 a1 a2 a3 a4 Correlation coefficient
ω21 541.83 0.3039 −2.8348× 10−6 −6.4550× 10−10 2.2335× 10−14 0.9990
ω20 1631.11 0.5663 −2.4002× 10−6 −1.5512× 10−9 5.2373× 10−14 0.9981
TABLE S3. Empirical relationship with and the dipole mo-
ment derivative scaled with respect to the gas phase dipole
moment derivative with the form µ′/µ′g = a0 + a1∆EDFT
a0 a1 Correlation coefficient
1.8833 −8.4546× 10−5 0.8205
E = uˆ ·
mn∑
i=1
qirˆiH
r2iH
(S1)
Where uˆ is the unit vector corresponding to the O-H
bond of interest, qi is the charge of the i
th site, rˆiH is
the distance between ith site and the H of center H2O
molecule, having n molecules having m charged atoms
per molecules. Thus, m is 3 for water molecules and 5
for methane molecules. We use linear fitting function to
examine the correlation and the fitting parameters are
given in Table S1. It is clear from the figure that the
bulk water data show significant correlations similar to
the previous findings,39 however, the data for methane
water system show very little correlation.
3. Spectroscopy Maps
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FIG. S4. Correlation of solvation energy calculated from
DFT and dipole moment derivative scaled with respect to
the gas phase dipole moment derivative. Black solid line rep-
resents the linear fit and the fitting parameters are given in
Table S3.
We represent the correlation of ω21 and ω20 with the
solvation energy obtained from the quantum mechanical
calculation in Figure S3. Both the transition frequencies
show a similar monotonic and highly correlated behavior.
We fit the data with 4th order polynomials. The fitting
functions and the respective fitting parameters are pro-
vided in Table S2. We also investigated the effect of
orientation of the tagged O-H bond with the methane
molecule in a similar fashion as has been done for funda-
mental transition frequency. We find there exist minimal
or almost no effect of the orientation of the O-H oscillator
with respect to the methane moiety on the spectroscopy
maps.
FIG. S5. Correlation between different transition dipole ma-
trix elements with their rpective transition frequencies. The
black line represents the quadratic fit to the data.
We obtain µ′ for each chosen cluster by calculating
~µnm · uˆ at five rOH displacements separated by 0.01 A˚
about req, and then numerically differentiate with re-
spect to rOH . Finally, we construct the correlation of
dipole moment derivative scaled with respect to the gas
phase dipole moment derivative with the solvation en-
ergy calculated from DFT (Figure S4). The scaled dipole
moment shows a linear correlation with correlation coef-
ficient 0.8205 (Table S3).
We represent the correlations between different transi-
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TABLE S4. Empirical relation between the transition frequency and the transition dipole moment obtained by fitting the data
as shown in Figure S5. The fitting function is µij = a0 + a1ωij + a2ω
2
ij + a3ω
3
ij + a4ω
4
ij
µij a0 a1 a2 a3 a4 Correlation coefficient
µ21 3.5600 −4.4836× 10−3 2.2114× 10−6 −4.8574× 10−10 3.9424× 10−14 0.990
µ20 2.4638 −1.4258× 10−3 3.2558× 10−7 −3.37681× 10−11 1.3189× 10−15 0.9999
tion dipole moments with corrresponding transition fre-
quencies in Figure S5. We observe a similar monotonic
and highly correlated data as observed in the case of fun-
damental transition dipole moments and transition fre-
quency. We use 4th order polynomial fitting functions to
get the empirical relations and the corresponding fitting
parameters are shown in Table S3)
4. Construction of Solvation Shells
We subdivide the water molecules surrounding
methane molecule into three solvation shells based on
their distances from the methane moiety. In Figure S6,
we represent the radial distribution function of carbon
methane and water oxygen. Based on the radial distri-
bution data, we consider all the water molecules within
5.5 A˚ distance from methane as first solvation shell, sec-
ond solvation shell consists of water molecules residing
within 5.5 A˚ to 9 A˚ and left over water molecules are
considered as third solvation shell.
FIG. S6. Radial distribution function of carbon of methane
and oxygen of water. Note that three ensemble divisions of
solvation shells are highlighted in the figure.
